Geometry parameters, vibrational frequencies, heats of formation, bond dissociation energies, cohesive energies, and selected fluoride affinities 
Introduction
Simple alkaline earth compounds play an important role in flame chemistry 1, 2, 3 and in other high temperature regimes such as magnetohydrodynamic (MHD) plasmas 4 and stellar atmospheres. 5 Molecules containing Sr and Ba have also been observed in atmospheric release experiments. 6 Important species include the metal monohydroxides 7 and the oxides. 8 Severe nuclear accidents can release a wide range of species, and BaO and SrO are among those that have been considered in the gas phase from the interaction of the core with concrete. 9 The alkaline earth hydroxides may also play a role. Furthermore, molten salt nuclear reactors may generate various gas phase alkaline earth fluorides or chlorides depending on the anion used in the salt and the nuclear fission products, and thermodynamic information about these materials is needed. 10, 11, 12, 13, 14 In addition, one can obtain information about cohesive energies of solid materials by combining the calculated heats of formation of the gaseous species with the experimental heats of formation of the solid. 15, 16 Reliable structural, spectroscopic and thermodynamic information about alkali and alkaline earth compounds have previously been predicted using accurate computational chemistry methods 17, 18 based on the Feller-Peterson-Dixon (FPD) composite approach. 19, 20, 21 The FPD approach is based on correlated molecular orbital theory using coupled cluster methods starting at the CCSD(T) level 22, 23, 24, 25 extrapolated to the complete basis set (CBS) limit using the correlation consistent basis sets with additional corrections. 26, 27, 28, 29, 30, 31 Additional high level calculations for the alkaline earth hydroxides, oxides, fluorides, and chlorides up to Ca have been previously reported. 32, 33, 34, 35, 36, 37, 38, 39, 40 Martin and co-workers 37 emphasized the need to include the core electrons in the correlation calculations. Recently, Neese and co-workers 41 have reported results at the CCSD(T) and DLPNO-CCSD(T) level for SrF 2 
are given in the Supporting Information.
The harmonic frequencies (ω e ) and anharmonic constants (ω e x e ) of the diatomic molecules were obtained at the CCSD(T)/awCVQZ level using a 7-point Dunham expansion. 54, 55 Harmonic vibrational frequencies for the remaining alkaline earth compounds were calculated at the CCSD(T)/awCVTZ level. The anharmonic corrections 56, 57, 58 of the closed shell polyatomic molecules were calculated via 2nd-order vibrational perturbation theory at the MP2 59,60 /awCVTZ/wCVTZ-PP(Sr,Ba,Ra) level using Gaussian09 (Supporting Information). 61 For the MOH compounds, the anharmonic corrections were obtained from analytical fits (polynomials in simple displacement coordinates) to the near-equilibrium potential energy surfaces (defined by 50 symmetry-unique geometries) at the MP2/awCVTZ/wCVTZ-PP(Sr,Ba,Ra) level using Molpro 62, 63 and the Surfit program. 64 The appropriate frequencies were used in the zero point energy (ZPE) corrections to the total atomization energy.
Total atomization energies (TAEs or D 0 ) at 0 K were calculated from the following expression (Eq. 3) with E referring to the difference between the molecule (reactant) and the atomic products for each energy component:
Additional corrections to the CCSD(T)/CBS energy ( E CBS ) are necessary to reach chemical accuracy (±1 kcal/mol). Scalar relativistic corrections for light elements together with corrections for the PP approximation, E rel , were obtained using the 2 nd or 3 rd order Douglas-Kroll-Hess (DKH) Hamiltonian at the CCSD(T)/aug-cc-pwCVTZ-DK 48 other Ra containing compounds determined independently of this gas phase value, we report results using both atomic heats of formation. Heats of formation at 298 K were calculated by following the procedures outlined by Curtiss et al. 70 The CCSD(T) calculations were performed with the MOLPRO 2012.1 program package. 62, 63 The open-shell calculations were done with the R/UCCSD(T) approach where a restricted open shell Hartree-Fock (ROHF) calculation was initially performed and the spin constraint was then relaxed in the coupled cluster calculation. 24, 71, 72, 73 The calculations were mainly performed on Linux clusters at The University of Alabama.
Results and Discussion
Geometries The optimized geometries of the diatomic Sr, Ba and Ra compounds are reported in Based partially on the diatomic results above, the current predicted geometries for the triatomic dihalides (Table 2) should be more reliable than the estimated values reported in the JANAF Tables.  67 The values in the JANAF Tables are not directly measured for 
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The geometry parameters for the mono and dihydroxides are reported in Table 3 . The triatomic monohydroxides are linear. 98, 99, 100, 101, 102 The M-O bond distances (Table 3) 102 In this case, the agreement with experiment for the two Ba-O stretches is not as good suggesting a possible role for matrix effects. Table 7 and the heats of formation are given in 18 we found that there was one doubles amplitude above 0.05 for BeO and MgO with that for MgO being the largest. For these two molecules, calculations were performed up to CCSDTQ and the correction was found to be 0.98 kcal/mol to the total atomization energy. Thus the corrections for higher order excitations will be smaller than this value for SrO, BaO, and RaO as they have even less multi-reference character.
Heats of Formation
The only additional contribution to the total atomization energy to be discussed is that of E rel which includes a pseudopotential correction and scalar relativistic corrections for O, F, and
Cl. The values of this correction range from -1.9 to +2.3 kcal/mol. The largest E rel corrections The experimental heats of formation and the corresponding bond dissociation energies of SrO and BaO have been previously reviewed. 8 For SrO, the heat of formation is within the experimental 8,67 error bars of ±4 kcal/mol and very similar to the value derived in a review from spectroscopic measurements. 8 For BaO, the calculated heat of formation is in very good agreement with the experiment; within the ±1.9 kcal/mol error bar for the more negative experimental value, 67 and is significantly more negative than the average value given in a review. 8 Thus, we suggest that the experimental value for the heat of formation from thermodynamic Knudsen cell measurements of BaO be further examined, and we confirm the value for SrO derived from the spectroscopic information. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with experiment 67 even though there are very large error bars.
Neese and co-workers 41 calculated the energies of reaction 4 where M = Sr, Ba and X = F, Cl at the CCSD(T) and DLPNO-CCSD(T) levels of theory. We can also calculate these values from the current heats of formation
using the atomic heats of formation for the atoms and the heats of formation of F 2 and Cl 2 which are 0.0 kcal/mol at this level of theory in agreement with experiment. 104 The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Cohesive energies The cohesive energy of a solid 67,69 is the energy required to convert the solid into the gas. The cohesive energy is usually applied to metals and is equivalent to the sublimation energy. All that is required to calculate the cohesive energy are the heat of formation of the solid and that of the gas phase species. We are interested in vaporizing to the particular molecular monomer. The cohesive energies for all alkaline earths are reported in Table 10 . The cohesive energy of the oxides decreases from BeO/MgO to BaO and then increases to RaO.
There is a large decrease from SrO to BaO. The difluorides behave in a different manner. There is a substantial increase from BeF 2 to MgF 2 and the values increase to CaF 2 . The cohesive energy for SrF 2 is comparable to that for CaF 2 and there is decrease to BaF 2 followed by an increase to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ! Fluoride affinity The gas phase fluoride affinity (FA) provides a measure of the Lewis acidity 110 and is defined as the negative of the enthalpy of reaction (5) .
Addition of an F -to MF 2 leads to a D 3h MF 3 -anion and the M-F bond distances increase by 0.07 to 0.14 • (Table 11 ). The smallest M-F bond distance increase is predicted for Mg which has the highest FA, and the largest M-F increase in the distance is predicted for Ra which has the lowest calculated FA. The trend in the bond distance changes does follow the increase in atomic size of the central atom as one proceeds down the column, excluding Be which has a larger change in the bond distance. The FAs are also given in Table 11 The NPA calculated charges for the Sr, Ba, and Ra compounds show that the disubstituted compounds (halides and hydroxides) are more ionic than the oxides. The monosubstituted halide compounds are slightly more ionic than the corresponding di-substituted ones.
The di-substituted compounds for Sr, Ba, and Ra all have positive charges of 1.8 to 1.9 e on the alkaline earth.
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